The effects of pacing-induced changes in cycle length on the refractory periods of the atrium, A-V node and His-Purkinje system were studied in 24 patients using the extra stimulus technique. Refractory period determinations were made at two or more cycle lengths in all patients. Slopes relating cycle length and refractory periods were calculated using the least squares method.
on the refractory periods of the atrium, A-V node, and His-Purkinje system in man.
Methods
Refractory periods were determined in 24 patients during diagnostic cardiac catheterization. All patients were in sinus rhythm and had normal QRS duration (0.10 sec or less) and normal conduction intervals as determined by His bundle recording technique.3 The mean age of the patients was 41 years (range 15-77), and there were 18 males and six females. Clinical and electrocardiographic data as well as control conduction intervals are summarized in table 1. Only two patients had received cardioactive drugs within the week prior to study (procaine amide in patient 4 and digoxin in patient 8). Both drugs were discontinued 48 hours prior to study in these latter two patients.
His bundle electrograms were recorded with a tripolar catheter placed close to the tricuspid valve.4 Atrial electrograms were recorded through two electrodes of a quadripolar catheter positioned fluoroscopically against the lateral wall of the high right atrium. The remaining two electrodes were used for atrial pacing. Interelectrode distances were one centimeter. Recordings were obtained on a multichannel oscilloscopic recorder (Electronics for Medicine, DR-16, White Plains, New York) at paper speeds of 100 and 200 Abbreviations: P-A = interval between the beginning of the P wave and the atrial electrogram as recorded by the His bundle catheter; A-H = interval between the atrial electrogram and the His deflection; H-V = interval between the His bundle electrogram and initiation of ventricular depolarization; HHD = hypertensive heart disease; HD = heart disease; ASHD = arteriosclerotic heart disease; RHD = rheumatic heart disease; PDA = patent ductus arteriosus; ASD = atrial septal defect; PMD = primary myocardial disease; Coarct. = coarctation of the aorta; Calc. peric. = calcific pericarditis; WNL = within normal limits; LVH = left ventricular hypertrophy; ST-T = nonspecific ST beat. S1-S2 intervals were decreased in 10-20 msec decrements in successive test cycles.5 Refractory periods were first determined during either sinus rhythm or at the slowest paced rate producing stable atrial capture. All patients had refractory periods determined at two or more cycle lengths. To examine the effect of cycle length on refractory periods, slopes were calculated by the least squares method for individual patients. Mean slopes (± SEM) were then calculated for refractory periods of the atria, A-V node, and His-Purkinje system. The term "significantly" was defined as a change in refractory period, statistically different from no change (zero slope). The relation between A-V nodal conduction time (A-H) and effective refractory period was analyzed using the correlation coefficient. Atrial and A-V nodal refractory periods were also Circulation, Volume XLIX, January 1974 analyzed by computing means and ranges for three absolute ranges of cycle length. These were 850 to 600 msec (heart rate of 70 to 100 beats/min), 599 to 460 msec (101 to 130 beats/min), and 459 to 330 msec (131 to 180 beats/min).
A-H and H-V intervals were measured as previously described.5 A1, H1, and V1 represent the atrial, His bundle, and ventricular electrograms of either spontaneous or driven beats. A2, H2, and V2 represent the atrial, His bundle, and ventricular electrograms in response to the extra stimulus (S2). The atrial effective refractory period (ERP) was the longest S1-S2 interval in which atrial capture failed to occur. At times the coupling interval of the test stimulus was too long to determine the ERP. When this occurred, the atrial ERP was designated as being less than the shortest S1-S2 tested. Atrial functional refractory period (FRP) was the shortest attainable propagated A1-A2 interval.
The A-V nodal ERP was the longest A1-A2 interval which did not propagate to the His bundle. A-V nodal FRP was the shortest propagated Hr-H2 interval.
The ERP of the His-Purkinje system was the longest H1-H2 interval in which conduction to the ventricles Figure 1 Left) The atrial effective refractory period as a function of cycle length in 11 patients. Right) The atrial functional refractory period as a function of cycle length in 11 patients. Each patient is represented as a series of connected dots. failed to occur. This is identical to the ERP of the ventricular specialized conduction system as defined by Wit et al. 5 The relative refractory period (RRP) of the His-Purkinje system was defined as the longest H1-H2 interval at which the H2-V2 interval becomes longer than HV1, interval of spontaneous or driven beats.
Prolongation of H2-V2 could reflect conduction delays in the His bundle distal to the His bundle recording site and/or delays in both bundle branches.
The refractory period of a bundle branch was considered the longest H1-H2 interval producing the appropriate electrocardiographic pattemn of complete bundle branch block. This either relative, with the critical degree of bundle branch delay necessary to produce a pattern of complete bundle branch block, or effective, with total failure of conduction in that bundle branch. All determinations could not be obtained in all patients or at every cycle length studied.
Results

Effect of Cycle Length on Refractory Periods
Atrium. Atrial ERP was successfully measured at one or more cycle lengths in 23 patients (table 2) .
In patient nine, the extra stimulus was not brought Left) The A-V nodal effective refractory period as a function of cycle length in 14 patients. Right) The A-V nodal functional refractory period as a function of length in 15 patients. The crossed dots represent the atriad functional refractory period in those instances where this exceeded the A-V nodal effective refractory period. The actual value of the A-V nodal ERP can only be less than the atrial FRP at these points. in close enough to measure atrial ERP or FRP at any cycle length. For purposes of analysis, slopes of the relationship of atrial ERP to cycle length were calculated for patients in whom four or more recordings over a cycle length range not less than 200 msec (11 patients) were made. The mean slope SEM was +0.155 0.020 msec (figs. 1 and 4). Thus, atrial ERP decreased significantly as cycle length was shortened. The means and ranges of atrial ERP for all 23 patients are given in table 3.
Atrial FRP was measured in 23 patients (table  2) . Slopes were calculated for all patients in whom four or more recordings over a cycle length range not less than 200 msec (11 patients) were made. The mean slope SEM was +0.129 + 0.014 msec (figs. 1 and 4). Thus, atrial FRP decreased significantly as cycle length was shortened. The means and ranges for all 23 patients are given in table 3. A-V node. A-V node ERP could be determined in 18 patients (table 2) . Slopes were calculated for all patients in whom three or more determinations over a cycle length range not less than 200 msec (14 patients) were made. The values at which atrial FRP exceeded the A-V nodal ERP at the initial (longest) cycle length were also computed (patients 8, 10, and 19) for calculation of the slopes, since A-V nodal ERP could only be less than the values indicated. The mean slope-+ SEM was -0.177 + 0.040 (figs. 2 
Figure 4
The effect of change in cycle length on the change in refractory periods of the atrium, A-V node, and His-Purkinje system. Each point represents the mean slope of change in refractory period related to change in cycle length for individual patients. A positive value indicates that as cycle length decreases refractory periods decrease. A negative value indicates that as cycle length decreases refractory period increases. A zero value indicates no change in refractory period despite change in cycle length. ARP = change in refractory period (msec); ACL = change in cycle length (msec); ERP = effective refractory period; FRP = functional refractory period; RRP = relative refractory period; RP.= refractory period; HPS = His-Purkinje system; BB = bundle branches. Mean SEM are indicated. lengthened significantly as cycle length was shortened. The means and ranges for all 18 patients are given in table 3. A-V nodal FRP could be measured in 21 patients (table 2) . Slopes were calculated for all patients in whom three or more determinations over a cycle length range of more than 200 msec (15 patients) were made. The mean slope ± SEM was +0.126 ± 0.045 msec (figs. 2 Purkinje system were also computed from the recordings of all patients for calculation of the slopes, since the RRP of the His-Purkinje system could only be less than the values indicated. The mean slope ± SEM was +0.270 ± 0.044 (figs. 3 and 4) . Thus, the RRP of the His-Purkinje system shortened significantly as cycle length was decreased.
Bundle branch refractory periods could be measured in seven patients (left bundle branch in two and right bundle branch in five, table 2). Slopes were calculated as described for the His-Purkinje system for these patients. The mean slope + SEM was +0.36 ± 0.065 (figs. 3 
and 4).
Thus, bundle branch refractory periods decreased significantly as cycle length was shortened.
The ERP of the His-Purkinje system could be measured in only one patient (patient 8) and was 395 msec at a cycle length of 790 msec (table 2) .
Relationship between Refractory Periods of Different Cardiac Tissues
Atrial FRP vs A-V Nodal ERP. The A-V nodal effective refractory period could not be measured in six patients because the atrial FRP was longer at all cycle lengths. In eight of the remaining 18 patients, the atrial FRP was equal to or exceeded the A-V nodal ERP at the longest basic cycle length tested. In all eight cases this cycle length was greater than 600 msec.
A-V Nodal FRP vs His-Purkinje System Refractory Periods. The RRP of the His-Purkinje system Circulation, Volume XLIX, January 1974 7J * 38 . exceeded the A-V nodal FRP in five out of ten determinations (50%) at basic cycle lengths greater than 700 msee, in five out of 36 determinations (14%) between cycle lengths of 700 and 500 msec, and in two out of 25 determinations (7%) at cycle lengths less than 500 msec.
The RP of the bundle branches exceeded the A-V nodal FRP in five out of ten determinations (50%) at basic cycle lengths greater than 700 msec, in five out of 36 determinations (14%) between 500 and 700 msec and in three out of 26 determinations (12%) at cycle lengths less than 500 msec.
These relationships can be better visualized by examining the values from recording a typical patient. Values from patient 8 are shown in figure 6 . At a cycle length of 790 msec, the shortest attainable interval between two atrial impulses that traverse with an H,-H2 between 350 and 470 msec produced right bundle branch block pattern. At a cycle length of 580 msec, the A-V nodal FRP was 375 msec, and impulses with an H1-H. interval between 375 and 395 produced right bundle branch block. At a basic cycle length of 470 msec, the A-V nodal FRP exceeded the right bundle branch refractory period and functional right bundle branch block was not noted. At the longest cycle length (790 msec) the atrial FRP exceeded the A-V nodal ERP. Since these RP diverge at shorter cycle lengths, A-V nodal ERP exceeded atrial FRP at these cycle lengths.
Discussion
Effect of Cycle Length on Refractory Periods
It has been demonstrated with microelectrode techniques in isolated cardiac tissues that action potential durations and refractory periods of atrial muscle, ventricular muscle, and His-Purkinje cells decrease with shortening of cycle length.' The A-V nodal cell differs in that recovery of excitability is delayed beyond complete repolarization. At higher driving rates, this gap between complete repolarization and recovery of excitability increases further. 6 Mendez et al. examined the effects of changes in cycle length on the functional refractory periods of tissues in denervated canine hearts. They demonstrated that the functional refractory periods of the atria, ventricles, and A-V node were a curvilinear function of cycle length and shortened as cycle lengths decreased.2 Although our findings in man showed similar changes, the changes in refractory periods produced by changes in cycle length could not be described in terms of a single mathematical function. In this respect our results differ from those obtained in canine hearts. This difference can perhaps be explained by the fact that autonomic nervous systems were intact in our patients. In addition, the cycle length ranges we could study were limited since heart rates could not be slower than spontaneous sinus rhythm, or faster than the rate at which A-V nodal Wenckebach periods were observed. Atrial ERP and FRP had positive mean slopes when related to cycle length. The A-V nodal ERP had a negative mean slope when related to cycle length. In the recordings for all except one patient A-V nodal ERP increased when cycle length was decreased. In contrast, the FRP of the A-V node had a positive mean slope, although there vas a wide scatter of individual patients ( fig. 4 ). Refractory periods in the His-Purkinje system showed the greatest decrease as eyele length shortened.
Relationship between Refractory Periods of the Cardiac Tissues
The FRP of an excitable tissue at a given cycle length is the shortest attainable time interval between two impulses traversing that tissue, measured at a point distal to the stimulation site.2 The ERP of a tissue is the longest time interval between two impulses where the second fails to traverse it. If the FRP of the atrium is longer than the ERP of the A-V node, the A-V nodal ERP cannot be measured, since the atrium limits A-V conduction. The relationship between change in atrial FRP and A-V nodal ERP in response to variation in cycle length showed that the atrium might limit the determination of A-V nodal ERP at long cycle lengths, but this is less likely to occur at short cycle lengths (fig. 6 and table 2). A similar relationship between the A-V nodal FRP and the RP of the His-Purkinje system is possible. In long cycle lengths, the refractory period of the right bundle branch is frequently longer than the FRP of the A-V node. This allows a premature beat to be conducted with an 1-H2 interval shorter than the right bundle branch refractory period, producing functional right bundle branch block (aberrant conduction). At shorter cycle lengths the right bundle branch refractory period and the A-V nodal FRP converge, and aberrant conduction cannot occur. Aberrant conduction of a premature supraventricular beat is thus more likely during sinus bradycardia or when preceding R-R intervals are lengthened.
Measurement of His-Purkinje system refractory periods with the atrial extra stimulus method is dependent upon three factors: 1) the A-V nodal FRP, 2) cycle length, and 3) the RP of the His-Purkinje system. In this study, those patients in whom determinations of His-Purkinje system refractory period could be obtained tended to have shorter A-V nodal FRP than those patients in whom His-Purkinje system refractory period could not be measured. Most determinations of His-Purkinje system refractory periods were obtained at cycle lengths greater than 600 msec. In two patients (5 and 14), both with sinus tachycardia, initial refractory period measurements could be obtained only at cycle lengths less than 600 msec.
Moe et al. noted a similar relationship in denervated canine hearts.7 In his study, bundle branch refractory periods exceeded A-V nodal refractory periods at longer cycle lengths. Epinephrine reduced the refractory periods of the A-V node, His bundle, and bundle branches. However, the epinephrine effects were more pronounced in the A-V node than in the bundle branches. This might explain why bundle branch refractory periods could be obtained at cycle lengths less than 600 msec in the two patients with sinus tachycardia who were probably not under basal conditions during the period of the study.
Conduction Time and Refractory Periods
A-V nodal conduction time (A-H interval) increases as cycle length shortens. This increase has been attributed to the low amplitude of the A-V nodal action potential, the low A-V nodal resting membrane potential, and the decreased rate of depolarization of the A-V nodal cells in response to shortening of cycle length.' Merideth et al. 6 have shown in rabbit hearts that the frequency-related depression of A-V nodal conductivity is associated with both an increase in diastolic threshold and delays between full repolarization and recovery of excitability. Van Capelle et al.,8 working with rat heart, suggested that A-V nodal conduction time (A-H) could determine A-V nodal refractoriness for a subsequent impulse. Our study suggests that A-H interval might be a partial determinant of A-V nodal ERP. No such relationship was found for A-H and A-V nodal FRP.
Experimental Limitations
Several limitations should be considered in the interpretation of our results. First, most of the patients had evidence of organic heart disease. It is possible that cycle length-refractory period relationships might have been slightly different in a group of patients without heart disease. However, findings in our six normal patients were similar to the findings in the 18 patients with heart disease. Second, since autonomic nervous system influences were intact, reflex responses to paced changes in cycle length could have influenced our results. Third, the results of this study probably are not applicable to changes in refractory periods induced by spontaneous changes in heart rates, as occurring with exercise or change in posture. Spontaneous changes in rate are generally mediated by changes in sympathetic and/or parasympathetic tone, which have direct effects on conduction. Similarly, the changes described in this study would not apply to cycle length changes induced by drugs with direct effects on the conduction system.
This study therefore describes changes in refractory periods related to paced changes in cycle length and are of value in understanding cardiac electrophysiological responses in man. These results Circulation, Volume XLIX, January 1974 may be directly applicable to changes in rate not mediated by the autonomic nervous system, as occur in some paroxysmal arrhythmias or in A-V block.
